The enriched anaerobic naphthalene-adapted mixed bacteria were capable of biodegrading naphthalene efficiently and without a lag phase in soil upon inoculating under nitrate reducing conditions when the initial concentration was below 150 mg/kg in soil. Nitrite, a product of nitrate reduction, did not inhibit naphthalene degradation even at concentrations over 143 mg/L. Naphthalene degradation was enhanced approximately two times when 10 g/L hydroxypropyl--cyclodextrin (HPCD) was amended simultaneously in soil.
Introduction
Due to the risks associated with polycyclic aromatic hydrocarbons (PAHs), considerable efforts have been made to implement effective remediation strategies in PAH-contaminated sites. Over the last few decades, exploitation of microorganisms for degrading PAHs in water and soil has received wide attention by many researchers. Bioaugmentation, the addition of specialized microorganisms to enhance the biodegradation efficiency of contaminants in soil, has proved to be a feasible and economic method compared with other treatment techniques, such as chemical or physical ones, and has been received increasing attention in recent years [1] . Key factor which influence the bioremediation efficiency is the bioavailability of the carbon substrate. The hydrophobic nature of PAHs results in their partitioning onto soil matrix and their strong adsorption onto the soil organic matter [2] . The sorption of organic contaminants by natural organic matter often limits the bioavailability of substrates, and is an important factor affecting microbial degradation rates in soils and sediments [3] .
It is generally believed that adsorbed hydrophobic pollutants are not directly available to the microbial population. A well-designed bioremediation process should consider methods to mobilize these contaminants from soil surface and make them available to the microorganism. Variable results have been shown concerning the utility of using surfactants or solvents in hydrocarbon solubilization and biodegradation. The potential impact of residual flushing agents on microbial processes is a question of concern, and an interesting alternative is cyclodextrins. The most notable feature of cyclodextrins is their ability to form inclusion complexes (host-guest complexes) with a very wide range of compounds by a phenomenon of molecular complexation. Inclusion in cyclodextrins exerts a profound effect on the solubility enhancement of highly insoluble guests. However, underivatized -CD has a very low solubility (18 g/L). To enhance its solubility, the -OH groups of the cyclodextrin molecule is usually modified, and hydroxypropyl--cycodextrin (HPCD) in particular, is known to be less toxic to soil microorganisms compared to other chemical agents such as strong acids, chelating agents and surfactants [4] . The use of cyclodextrin as an agent for chemically enhanced in-situ flushing of contaminated aquifers was first introduced by Brusseau et al. investigated the potential of HPCD to reduce the sorption and to enhance the transport of several low-polarity organic compounds. The retardation of organic compounds such as anthracene, naphthalene, and trichlorobiphenyl was significantly reduced in the presence of cyclodextrin [5, 6] . Much more works have been done on soil remediation using cyclodextrin and shown that some types of cyclodextrins have a potential for using as flushing agents on soil remediation. Araki et al. concluded that HPCDs have a potential for enhancing bioavailability to use in soil remediation [7] . Reid et al. indicated that cyclodextrins could be used as alternatives to surfactants in enhancing the desorption/solubilization and degradation of recalcitrant organic contaminants in soil [8] .
Although it has been observed that HPCD improved the degradation rate of phenanthrene and that -CD could enhance the degradation of naphthalene and anthracene by aerobic cultures [9] , the effect of cyclodextrins on anaerobic cultures need to be further investigated.
Materials and methods

Chemicals and materials.
Naphthalene was obtained from Sigma Aldrich with a specified purity of 99%. 2-hydroxypropyl-cyclodextrin (HPCD, CAVASOL W 7 HP) were provided by Wacker Chemie AG, and which was used directly without further purification. The mineral salts medium using in this study contained the following constituents: NaNO 3 (2.0 g/L), NH 4 Cl (1 g/L), KH 2 PO 4 (1 g/L), MgCl 2 (0.1 g/L), CaCl 2 ·2H 2 O (0.05 mg/L). The pH of the medium was between 6.8 and 7.2.
The soil used throughout this study was collected from the upper layer (10-20 cm) of the uncontaminated grounds. After sampling, the soil was completely air-dried and sieved on a 10-mesh (<2 mm) screen prior to use in the experiments. The soil was spiked with naphthalene at an initial concentration of 5.8, 34.7, 61.4, 93.7 and 146.6 mg/kg (dry soil), respectively. Initially, the corresponding amount of naphthalene was completely dissolved in acetone and was added to the soil; subsequently, the soil was mixed thoroughly to form a homogenous mixture, and then the acetone was allowed to evaporate at 22±2 °C.
Naphthalene degradation in soil
Experiments were conducted with 150 ml serum bottles containing 60 g of the spiked soil and 100 ml of mineral medium. The compositions of minimal medium were the same to mineral salts medium except for the nitrate concentration of about 800 mg/L. The mineral medium was purged for 3.5 h using pure nitrogen gas. The enriched mixed consortia were enriched in our previous experiments [10] , and were inoculated into the soil to attain the initial biomass of 1×10 8 cells/g soil. Five different initial naphthalene concentrations of 5.8, 34.7, 61.4, 93.7 and 146.6 mg/kg were used. At the same time, to investigate the effects of cyclodextrins on naphthalene degradation in soil, initial naphthalene concentrations of 34.7 mg/kg was used, and HPCD was added to a final concentration of 0.1, 1, 5 and 10 g/L. All the experiments were conducted in an anaerobic glove box filled with pure nitrogen gas, and the serum bottle was capped with Teflon coated rubber stoppers and aluminum caps.
Analytical methodology.
Soil samples were extracted using a Soxhlet apparatus with acetone-n-hexane mixtures (1:1). The extracts were evaporated and resuspended using acetonitrile. Naphthalene in the extract was analyzed using a Shimadzu LC-10AD HPLC equipped with a UV-visible detector. A 20 μl injection was separated on a 250 × 4.8 Aichrom C18 column. The wavelength used for detection was 254 nm. The mobile phase was a mixture of water/ methanol (15:85, v/v), with a flow rate of 1.0 ml/min. Nitrate and nitrite were analyzed by ion chromatography (Dionex DX100, Sunnyvale, Ca, USA), using an Iopac ASI4 4×250 mm analytical column, the eluent was Na 2 CO 3 -NaHCO 3 (3.5 mmol/L, 1.0 mmol/L), and the flow rate was 1.2 ml/min. Figure 1 showed the change of naphthalene in soil with various initial concentrations, and figure 2 showed the change of nitrate consumption and nitrite production in soil solutions with different initial naphthalene concentrations. Fig.1 it could be found that naphthalene was completely degraded by the inoculated microorganisms within a period of 35 days and without a lag period upon inoculating, which demonstrated that naphthalene could serve as electron donor and carbon source for the enriched bacteria.
Results and discussion
Changes of naphthalene, nitrate and nitrite concentrations
The data in Fig.2 demonstrated that, nitrate concentration decreased over time in microcosms of simultaneous amended with the enriched mixed bacteria and naphthalene. However, in the absence of naphthalene insignificant amount of nitrate was reduced ( Fig. 2a) . At the same time, nitrite was accumulated during the reduction of nitrate, but the inhibitory effect on naphthalene degradation was not observed throughout the incubation even if nitrite concentration was over 143 mg/L. Due to nitrite is a product of denitrification, the presence of nitrite coupled with the loss of nitrate supported the conclusion that naphthalene degradation was coupled to nitrate reduction. The inoculated bacteria could utilize naphthalene without a significant lag phase, as also supported by the fact of nitrate reduction immediately after inoculating. The comparison between Fig.1 and Fig.2 showed that nitrate reduction went hand-inhand with naphthalene degradation, which also certified that naphthalene degradation was coupled to nitrate reduction and was due to biological process. however, under the condition of not inoculating the enriched bacteria or not adding naphthalene substrate, neither the loss of nitrate nor the accumulation of nitrite was observed over the whole incubations, which was due to the fact that the reduction of nitrate could not occur when there was no the biodegradation bacteria or the carbon source.
Anaerobic degradation of naphthalene in the presence of HPCD.
The effects of different concentrations of HPCD on naphthalene degradation in soil were presented in Fig. 3 . As shown in Fig.3 , there was a substantial improvement in naphthalene degradation following the addition HPCD compared to the control microcosms of without amendment. The rate of mass transfer from soil particles to liquid state is crucial in determining the amount of naphthalene available for degradation. It is generally believed that the bioavailability of PAHs is related to the aqueous solubility. Because cyclodextrins have been shown to improve the solubilization and mobilization of low-polarity organic compounds [5, 6] , the enhanced solubilization of naphthalene could result in improving the degradation rate.
From Fig.3 it could also be concluded that the rate of naphthalene degradation increased as the HPCD concentration increased. The degradation rate of naphthalene was 1.78, 2.23, 2.35, 3.19 and 3.43 mg/kg/day at 0, 0.1, 1, 5 and 10 g/L HPCD, respectively. Naphthalene degradation was enhanced almost two times when 10 g/L HPCD was amended in soil. Likewise, Wang et al. found that the rate of phenanthrene disappearance increased as the HPCD concentration increased by an aerobic bacterial culture [4] . In contrast, Ramsay et al. showed that the addition of low concentrations of HPCD enhanced the rate of phenanthrene mineralization by a mixed Fe(III)-reducing population, while microcosms with higher concentrations of HPCD decreased the rate of phenanthrene mineralization [11] . They believed that high concentrations of HPCD render a strong selective pressure for HPCD-degrading microbes in the consortium such that HPCD was preferentially consumed instead of phenanthrene as the mixed population became adapted to HPCD. In this study, the microorganisms may not have the ability to Time (d) Naphthalene concentration (mg/kg) 0 g/L 0.1 g/L 1 g/L 5 g/L 10 g/L degrade HPCD, since the experiments only lasted a maximum of 25 days, it may not have sufficient time to adapt to HPCD utilization. Although no much more experiments about the enhancement of HPCD in field conditions were performed in this study, the improved removal of naphthalene from soil suggested that the HPCD could potentially stimulate bioremediation of PAHs contaminated soil.
Summary
The enriched anaerobic naphthalene-adapted mixed bacteria were capable of biodegrading naphthalene efficiently. Naphthalene degradation was enhanced when HPCD were simultaneously presented in soil, and the rate of naphthalene degradation increased as the concentration of HPCD increased. The results obtained in the present study suggested that anaerobic degradation of naphthalene by the enriched mixed bacteria with the simultaneous amendment of HPCD appeared to be a feasible method to remediate naphthalene contaminated soils. Further study on the feasibility of the enriched bacteria under in situ conditions is required to promote the remediation of PAHs contaminated soil under nitrate reducing conditions.
